The thermal annealing of GaAsSbN / InP strained multiple quantum wells ͑MQWs͒ grown by metal organic chemical vapor deposition was investigated. Photoluminescence peak intensity and linewidth changes indicate a significant improvement in optical quality of the GaAsSbN / InP MQWs upon annealing. We find no significant annealing-induced blueshift of the optical transitions, which confirms the theoretical expectation that a change in the nearest-neighbor configuration nitrogen atoms has negligible effect on the band gap of GaAsSbN. The evolution of ͑400͒ x-ray diffraction rocking curves with thermal treatment of the samples was consistent with the constituent redistribution in the GaAsSbN QW.
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Extensive studies have been carried out on the growth and properties of III-V compounds containing dilute amounts of nitrogen on GaAs substrates. [1] [2] [3] Even a small amount of nitrogen incorporated can reduce the band gap significantly. Molecular beam epitaxy ͑MBE͒ grown InGaAsNSb quantum well ͑QW͒ lasers emitting at 1.5 m have exhibited threshold current densities comparable to conventional InGaAsP / InP-based devices. 2 However, the growth of these materials by metal organic chemical vapor deposition ͑MOCVD͒ remains quite challenging because of the inhibition of N incorporation into InGaAs alloys with high indium content. 4 Dilute-nitride GaAsSbN has been proposed as an alternative material system to InGaAsN ͑Sb͒ for achieving long wavelength emission on GaAs substrates. 5 Recently, we proposed an approach for achieving 2 -3 m emission by growing GaAsSbN / GaAsSb type-II QWs on InP. 6 The use of GaAsSbN electron wells should allow increased N incorporation due to elimination of indium in the material.
More recently, we have reported the growth and characteristics of GaAsSbN / InP multiple quantum wells ͑MQWs͒ on InP substrates. 7 Like the InGaAsN material system, GaAsSbN also suffers from the poor optical properties due to the N-related defects. [7] [8] [9] [10] A postgrowth thermal treatment is generally needed for dilute-nitride materials to heal out these defects, in order to improve the optical properties. However, we are not aware of any reports on the properties of thermally annealed GaAsSbN on InP. Studies of GaAsSbN / GaAs MQWs on GaAs substrates show a photoluminescence ͑PL͒ wavelength blueshift after thermal annealing, although there is a large discrepancy in the literature on the amount of thermal-induced PL-peak shift. [8] [9] [10] [11] [12] [13] In this work, we present a study of the thermal annealing effect on strained GaAs 1−y−z Sb y N z / InP MQWs grown on InP substrates. A significant improvement in the optical quality of the strained GaAs 1−y−z Sb y N z / InP is obtained after postgrowth high temperature thermal annealing. In addition, the effect of thermal annealing on the luminescence properties is observed to be different between GaAsSbN / InP MQWs on InP and the previously reported GaAsSbN / GaAs MQWs on GaAs substrates. [8] [9] [10] [11] [12] The strained GaAs 1−y−z Sb y N z / InP MQW samples on ͑100͒ InP substrate were grown by metal organic chemical vapor deposition. Details of the growth conditions have been published elsewhere. 7 High-resolution x-ray ͑HRXRD͒ measurements were performed using a Phillip x-ray diffractometer. Low-temperature PL measurements were carried out at 30 K with an argon laser excitation and a liquid-nitrogen cooled Ge photodiode was used to detect the PL signal. The solid phase material composition of a bulk, partially relaxed, GaAsSbN layer under the same growth condition as the MQW sample was determined by electron microprobe analysis, secondary ion mass spectroscopy, Rutherford backscattering spectroscopy, and nuclear reaction analysis using the 14 N͑d , p͒ 15 N reaction. Feedback from measurements of bulk materials improved the accuracy of the supelattice ͑SL͒ HRXRD simulation. Thermal annealing was performed in the MOCVD reactor for 25 min at three different temperatures ͑600, 650, and 700°C͒, using the same sample which was sequentially annealed at the different temperatures. The samples were protected with PH 3 during the thermal annealing, and cooled down under a N 2 only carrier gas ͑i.e., "unstabilized" cooldown͒. Employing an unstabilized cooldown allows trapped hydrogen to outdiffuse from the sample and results in an improvement of the PL intensity. some of the GaAsSbN layers, indicating the layers may be close to the critical thickness. TEM analysis was also carried out for the samples which were subjected to postgrowth annealing at 650 and 700°C for comparison to the as-grown sample. In both cases, no changes in the extended defect type and density and in the interfacial sharpness was observed, but there is some evidence of homogenization of the alloy layers between as-grown and annealed samples. 15 Thermal desorption of a portion of the top InP layer was also observed in both annealed structures The x-ray diffraction ͑XRD͒ rocking curves of as-grown and postannealed samples are shown in Fig. 2͑a͒ . Figures  2͑b͒ and 2͑c͒ show detailed portions of the same rocking curves of Fig. 2͑a͒ . The appearance of sharp and distinct high-order satellite peaks provides clear evidence that the GaAsSbN / InP MQWs have a very regular periodicity and good crystalline properties. This is in good agreement with the TEM cross-sectional images, shown in Fig. 1 . Upon annealing, the GaAsSbN XRD envelope does not exhibit any angular shift, which indicates there is no significant interdiffusion across the InP / GaAsSbN heterointerface. 16 Figure  2͑b͒ shows the detail evolution of the XRD satellite peaks around the envelope corresponding to the spectral features associated with diffraction principally from the GaAsSbN layers, which we refer to as the GaAsSbN "envelope. " Figure 2͑c͒ shows the XRD spectral portion corresponding to the spectral features associated with diffraction principally from the InP layers, which we refer to as the InP envelope. It was found that thermal annealing has an opposite effect on the XRD of the satellite peaks around the GaAsSbN envelope and the InP envelope. The satellite peaks around the GaAsSbN envelope became sharper with all three annealing temperatures, while those around the InP envelope became broader. Therefore, two different mechanisms may be at play, which contribute to the presently observed evolution of the x-ray rocking curves upon annealing.
The increased sharpness of XRD satellite peaks after annealing indicates more homogenous material ͑i.e., less of a distribution in strain or lattice parameter͒ as well as more uniform interfaces. High resolution TEM analysis also indicates more uniform lattice parameter within the QW after annealing. 15 As extensively reported in the literature, thermal annealing usually induces N redistribution within the dilutenitride alloy. 17, 18 As a consequence, postannealed samples may have a more uniform N distribution in the GaAsSbN layer. Dynamical x-ray simulation studies were carried out to assist in understanding the simultaneous degradation of the InP envelope and improvement of the GaAsSbN envelope spectral features. As discussed above, the thermal desorption and degradation of the top InP layer was observed upon annealing. Furthermore, XRD on samples protected under PH 3 during both annealing and cooldown does not exhibit degradation of the InP envelope. This indirect evidence indicates that the broadening of the satellite peaks around the InP envelope upon annealing resulted from the desorption of the top InP layer, which disrupts the ideal periodicity of the InP SL layers. Because thermal degradation of the top InP layer is only apparent in the InP envelope, the improved sharpness of the satellite peaks around the GaAsSbN envelope is largely unaffected and reflect changes within the GaAsSbN layers themselves, such as improved N uniformity and/or Sb uniformity throughout the layers. Figure 3͑a͒ shows the low-temperature ͑30 K͒ PL before and after three different annealing temperatures ͑600, 650, and 700°C͒. There is no significant PL blueshift observed upon annealing ͑Ͻ3.5 meV͒, which is very different from most previous reports of GaAsSbN / GaAs QWs ͑36-120 meV͒ grown on GaAs substrates. in PL intensity was observed after annealing. Since substitutional N atoms only bond to Ga atoms, a change in the nearest-neighbor configuration of the nitrogen atoms through annealing has a second order effect on the band gap of GaAsSbN. Our experimental results confirm this theoretical prediction. 8 Interdiffusion across the interface also could lead to a PL blueshift. Dang et al. has explained the observed PL blueshift for the GaAsSbN / GaAs material system with this justification. 13 However, both the PL and x-ray diffraction data indicate interdiffusion across the heterointerfaces for the GaAsSbN / InP system has been suppressed. Figure 3͑b͒ shows the 30 K PL intensity and full width at half maximum ͑FWHM͒ as a function of annealing temperature. At an optimum annealing temperature of 650°C, the integrated PL intensity increased up to 9 times and achieved the smallest FWHM. A sudden PL intensity drop was found at an annealing temperature of 700°C. At the same time, the FWHM of the PL also slightly increased. From the post annealing XRD data and TEM image on this sample, there is a significant degradation of top InP layer. Further studies are necessary to determine if other mechanisms also play a role in the degradation of PL intensity resulting from annealing at 700°C with nitrogen cooldown.
We also observed that PH 3 protected annealing results in lower PL intensity than that of samples employing N 2 cooldown. The N 2 cooldown can remove atomic hydrogen decomposed from PH 3 during the cooling process. These results suggest that the removal of hydrogen plays a critical role to improve photoluminescence efficiency upon thermal annealing.
In conclusion, appropriate annealing of GaAsSbN / InP MQWs leads to dramatic improvement of the luminescence efficiency of these materials. At the same time, virtually no annealing-induced blueshift of the optical transitions in GaAsSbN / InP MQWs are observed, which is in contrast to several reports on the GaAsSbN / GaAs material system. This characteristic has important benefits for the design of optoelectronic devices based on dilute nitrides. The annealing experiments suggest that protecting of the surface during heating and the removal of hydrogen during cool down are critical to improve luminescence efficiency. HRXRD measurements indicate improved homogenization of the alloy layers after thermal annealing.
